ABSTRACT This paper describes a rebreathing method for the simultaneous measurement of oxygen consumption (Vo2) and effective pulmonary blood flow (P. eff) at rest and during exercise.
Simultaneous measurement ofoxygen consumption and effective pulmonary bloodflow during exercise measurements of oxygen uptake and blood flow were made at rest and in the last minute of each stage of exercise. For this the subject was asked to expire to residual volume and then to rebreathe a volume of test gas slightly less than his vital capacity, from a 6 litre anaesthetic bag. The test gas was 35% oxygen, 3 5% chlorodifluoromethane (freon-22), and 10% argon in nitrogen. The subject rebreathed at about 0-3-0 5 cycle/s for 30 seconds or until the respired oxygen tension (Po2) had fallen below 13-3 kPa, whichever was sooner.
A typical trace from this manoeuvre is illustrated in figure 1 . It shows a rapid distribution of the insoluble argon within the bag-lung system, a linear fall in Po2, an exponential rise in carbon dioxide tension (Pco2), and an exponential removal of the soluble freon-22. The end tidal points are used for all the calculations. They can be defined from the carbon dioxide trace, given an allowance for the offset of the pens. The volume of gas in the bag and the lungs combined is obtained from the fall in argon concentration. Effective pulmonary blood flow is derived from the slope of the logarithm of freon concentration.' The Bunsen solubility coefficients in both blood and tissue of argon and freon-22 were respectively assumed to be 0 0 and 0-83 ml per ml per atmosphere at 37°C. The In all of the rebreathing studies the subjects performed a sequence of at least seven manoeuvres at three minute intervals while standing at rest. The first three were discarded because they were consistently higher than the other resting measurements, as found by others. 4 The baseline was taken as the mean of at least three technically satisfactory manoeuvres. The mean bag-lung volume was calculated, and any subsequent exercise measurement in which this volume deviated by more than 10% from the resting value was rejected. This was necessary in only a few of the manoeuvres towards the end of exercise, when some subjects were too breathless to keep a tight seal around the mouthpiece. The mechanical power load was calculated for each subject from the equation Power(watts) = body wt(kg) x 9 81 x sine(angle of tilt) x treadmill speed(m/s). The arteriovenous oxygen content difference was obtained as the quotient Vo2/0P. eff.
STUDY PROTOCOLS
All exercise tests were carried out after the subjects had been familiarised with the equipment and had rested for at least 10 minutes. Food and drinks other than water were prohibited in the hour before the test. All procedures were approved by the hospital ethics committee, and all subjects gave informed consent.
In the first study 20 normal people performed two exercise tests, separated by at least two days, in random order. In one test oxygen uptake was measured by the open circuit, argon dilution method in routine use in our laboratory,9 and in the other by the rebreathing method described above. In a second study four normal men performed five exercise tests over a three week period to assess the reproducibility of the rebreathing technique. All had previously performed many exercise tests. In a third study 40 subjects performed a single exercise test with simultaneous measurement of oxygen uptake and effective pulmonary blood flow by the rebreathing technique. Calculated power (watts) Open circuit estimates of oxygen uptake against calculated mechanical power load are plotted in figure  2 , which shows a discontinuity between resting and exercising values. We believe that this occurs because the calculation of power loads imposed by the treadmill neglects energy expended in walking on a horizontal (as distinct from an inclined) plane. If this is assumed to be an additional 30 watts at all levels of exertion, the relation between oxygen uptake and power load becomes linear as in figure 3 . This arbitrary estimate of the additional work corresponds with the results of previous studies on the energy cost of walking on flat planes.' " An arbitrary estimate has to be used because there are no equations for calculating addftional work on the basis of easily made measurements such as weight or body surface area.
The main purpose of the first study was to compare rebreathing and open circuit estimates of oxygen uptake. These are plotted in figure 4 , which is based on 80 observations in the 15 subjects for whom three point oxygen calibrations were available. The regres- Open circuit oxygen uptake (ml/min) measurements is linear and close to identity. With the subjects at rest the rebreathing method overestimated oxygen uptake slightly, but the difference became progressively less as exercise proceeded.
In the second study four men exercised on five occasions over a three week period to check the variability of the rebreathing procedure. The mean (range) of coefficients of variation (%) at rest and on exercise were as follows: bag-lung volume at rest 2 1 (0-8-2-9) and during exercise 1-7 (0 7-3-4); rebreathing oxygen consumption at rest 8 4 (4 9-11 3) and during exercise 4-9 (2 4-8 1); and effective pulmonary blood flow at rest 6 0 (3 2-9-0) and during exercise 3 2 (0 9-8 5).
Finally, 40 subjects performed the combined rebreathing procedure that measured effective pulmonary blood flow and metabolic uptake simultaneously. Figure 5 shows the results obtained in the 25 subjects who attained an oxygen uptake of at least 2-0 1/min. The relation between effective pulmonary blood flow and oxygen uptake is linear, with a mean (SD) slope of 51 (0-8). The mean (SD) resting effective pulmonary blood flow corrected for surface area was 2 20 (0 46) 1/min/m2 (60 subjects). There was a significant inverse correlation with age (surface area corrected effective pulmonary blood flow = -0015 age + 277;r = -0.43,p < 0001)andit was greater in men than in women (mean (SEM) difference 0-37 (0 1 1)1/min/m2; p < 0 002). The mean (SD) slope of increase of effective pulmonary blood flow during exercise (rest values being omitted) was 0 0363 (0 0135) 1/min/watt; there were no sex differences, but the slope showed a weak positive correlation with age (slope = (0 029 x age) + 0-025; r = 029,p < 005).
Figures 6-9 show the changes in the arteriovenous oxygen content differences and cardiac stroke volume index that occurred during the treadmill test. The two variables have been plotted against a power load scale that has been corrected as indicated in the first paragraph of this section (figs 6 and 8), and also against rebreathing oxygen uptake (figs 7 and 9). Both tend to a maximum that is reached, or very nearly reached, by the end of the third or fourth stage of exercise.
At rest the mean (SD) arteriovenous oxygen content difference was 91 (16) This paper reports the response ofeffective pulmonary blood flow to treadmill exercise in healthy subjects. The use of the treadmill rather than a bicycle ergometer introduces a problem of calculating external work. The conventional calculation (= wt x 9 81 x sine (angle of tilt) x treadmill speed) does not yield the expected linear relationship when power output is plotted against oxygen uptake. The calculation is of power output in the vertical direction only, and neglects swinging of the limbs and internal friction. For example, a subject sprinting on the flat would be calculated as doing no work. The present data suggested that adding 30 watts to calculated work for each stage of exertion (cf rest) restored the linear relationship. This value accords with other estimates of work done by walking on a horizontal plane (50 watts walking on the flat at 5 6 km/h'0). As power output varies with body weight and speed," however, a single correction factor applied to all individuals is likely to lead to errors. Pulmonary blood flow during exercise may therefore best be plotted against oxygen uptake.
We therefore also report a rebreathing method of measuring oxygen consumption, which can be combined with measurement ofeffective pulmonary blood flow. During upright exercise blood flow is known to be some 2 litres/min lower for a given oxygen consumption. 22 We found the slope of the relation between effective pulmonary blood flow and oxygen consumption to be 5-1 (I/min/l/min); similar slopes (4 6, 4-72, 6 01) have been reported by others.2125 The intercept was 214 1/min; previously reported intercepts are much higher (5 31, 4 07, 3-58). One possible explanation is that previous workers made invasive measurements, and apprehension may have increased cardiac output more than oxygen consumption.26 Another is that we ensured a truly basal state by making our subjects stand for at least 20 minutes before starting exercise, whereas others deliberately avoided a prolonged rest before subjects started on the treadmill.
The simultaneous measurement of oxygen consumption and effective pulmonary blood flow allows estimation of arteriovenous oxygen content differences (AVO = Vo2/4p eff). Some workers have reported that this rose linearly with work2728 but this is at variance with our findings ( fig 6) Simultaneous measurement ofheart rate also allows estimation of stroke volume index at rest and on exercise. As anatomical shunt is not measured stroke volume is underestimated, but the error will be less than 5% in people with normal central circulations.: The percentage increase reported here is similar to that found by the Doppler technique (167%) and the dye dilution method (184%) in other treadmill studies.3 ' 32 In summary, this rebreathing test allows simultaneous measturement of effective pulmonary blood flow and oxygen consumption. We have used it to study effective pulmonary blood flow, arteriovenous oxygen content differences, and stroke volume index. The last two measurements have maxima that appear to be reached during submaximal exercise and may be of particular value in studying patients.
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Appendix MEASUREMENT OF BAG-LUNG VOLUME AND EFFECTIVE PULMONARY BLOOD FLOW
The formal derivation of these equations has been published in full elsewhere.3 33 This appendix describes only the steps in the computerised calculations. They are made with the hospital mainframe computer (Prime 750), as described previously.33 The paper trace is placed on a digitising table (Tektronix Ltd) linked to a graphics terminal. The data are entered by successively digitising the end tidal point immediately before the vital capacity inspiration of test gas; the height of the initial plateau before the rebreathing; and successive end tidal points during rebreathing. The end tidal points during rebreathing are defined by first marking on the carbon dioxide trace the points at the end of each expiration, immediately before the rapid downstroke of the trace caused by the next inspiration. The end tidal points for argon, freon-22, and (for measurement of oxygen uptake) oxygen are measured at the corresponding time points on the appropriate trace, with an allowance for the offset of the pens. This is done by hand on a drawing board with sliding adjustable rulers. The digitisation is carried out first for argon and then for freon.
The initial step is to align the argon and freon traces (that is, to correct for the offset of the pens), and scale each to a maximum of 100. If gas(IH) is the maximum height of the trace of that gas-that is, the height of the initial plateauthen Gas(H) = gas(H) x 100/gas(IH), where gas (H) is the digitised height of the trace at each successive end tidal point. The two normalised traces are displayed and plotted against time, and the operator marks with a cursor the position on the argon trace by which he judges gas mixing to be complete, Ar(mix). A new curve is generated from the equation Frcorr(t) = 100 x freon(t)/argon(t), where Frcorr(t), freon(t), and argon(t) are respectively the heights at time t of the new (corrected freon) curve, and the previously normalised freon and argon curves. VAO (the combined bag-lung volume) is calculated from the equation where ab, aw are respectively the Bunsen solubility coefficients of freon-22 in blood and water, both equal to 0-83 per ml per atmosphere, at 37°C.
A full listing of this FORTRAN program has been published33 and may be obtained from the authors.
MEASUREMENT OF OXYGEN CONSUMPTION
The amount of oxygen present in the system during rebreathing, after gas mixing is complete, is given by the product of the volume of the system and the percentage of oxygen present. 
